Abstract. The environment of the coastal aquifers becomes worse and worse, due to the rapid development of economy, especially for the unconfined aquifers which direct connects with the contaminates from the land surface. In this study, a 2D finite-difference model describing variably saturated flow and solute transport (VS2DT) was modified to simulate solute transport in unconfined coastal aquifers with periodic tidal boundary conditions. In order to improve the understanding of tidal effects on contaminant transport, simulations with a simplified seaward boundary condition at a fixed position were compared to simulations with periodic moving boundary condition. Tidal fluctuations were modeled respectively as diurnal tide, semi-diurnal tide, and multi-periods semi-diurnal tide. In comparison with a fixed seaward boundary condition, a periodic moving boundary condition induced a larger water table over height and causes a lower transport velocity of the contaminant plume. Therefore, neglecting the horizontal movements of the seaward boundary underestimated the migration rate of the contaminant plume towards the sea and incorrectly describes the temporal and spatial distribution of contaminant plumes in costal aquifers. The results found with three different kinds of tidal fluctuations revealed that the multi-periods of tide also affected the movement of contaminant plume. There were lower migration rates during neap tides and faster transportation rates during spring tides. Our results indicated that it was necessary to simulate both the vertical tidal fluctuation and the horizontal movement of the seaward boundary condition to predict the movements of contaminant plumes through unconfined coastal aquifers.
Introduction
Numerical investigation of contaminants transport in coastal aquifers has become great interests of hydrologists in the last few decades. Tide fluctuations cause complex hydrodynamics near seashore and significantly impact the contaminants transport from aquifers to sea [1, 2] . Proper assessments of contaminant transport under tidal condition are necessary for controlling and mitigating the further contamination in coastal aquifers. This is especially important for unconfined aquifers which often exist as drinking water sources and are easily polluted. The key and difficulty of investigating contaminants transport in coastal aquifers are the conceptual representation and implementation of seaward boundary which is quite critical to the modeling accuracy [3] .
The simplest way is to model the sea beach as a vertical boundary with a fixed location and sea water levels only fluctuate in the top layer using a thick enough grid [4, 5] . As it reveals macroscopic groundwater dynamics responding to tide fluctuations, this approach is suitable for rocky coast with steep beach face and large-scale simulations neglecting the effects of groundwater dynamics on contaminant transport near seashore. But it is inappropriate for investigating spatial distributions and temporal variations of contaminants near the seaward boundary [6] [7] [8] .
In reality, the beach often slopes gently toward sea, and geometry of seaward boundary can significantly impact groundwater discharge and solute exchange between ocean and aquifers [3, 9, 10] . In many studies, sea-side boundary was simulated as a sloping boundary using a two zone model including surface water body and emerged aquifer [11] [12] [13] [14] . The surface water body were represented a time-dependent heads boundary subjected to tide fluctuations, while the emerged slope were treated as no flow boundary or seepage face. The two zone slope boundary is more close to the actual beach and makes progress on groundwater dynamics and solute transport near the sea floor in response to tide. However, the locations of the surface water body and emerged aquifers are assumed to be fixed while the submerged part varies with the tide oscillations [15] , thus periodical shifts in boundary type between specific pressure boundary and a potential seepage face were not considered which may influence groundwater dynamics near sea shore [16] .
Since tide fluctuations lead to the position of beach groundwater table varying in the intertidal area, a moving boundary is required to simulate the seaward boundary condition [17] . A periodical boundary condition (PBC) package was incorporated into SEAWAT to conquer the difficulties met with tidal boundaries [6, 18] . Using this approach, several studies investigated variable-density solute transport in coastal aquifers [19, 20] . Nevertheless, saturated models applied in above studies cannot account for effects of vadose zone on groundwater table fluctuations in an unconfined aquifer [21, 22] . Although variable saturation models has been applied to investigate groundwater dynamics and solute transport in unconfined beach aquifers [16, 23] , it still deserves more attention to numerical investigations on contaminant transport and distribution subject to the complex tide boundary.
In addition to the shape and type of the seaward boundary, the representation of tide fluctuations is also critically important. Although sinusoidal functions were applied to describe tide variations for simplicity by neglecting the lunar periodicity of tide, field monitors and numerical simulations revealed that changes in tide amplitude over spring-neap cycle induce significant variation in the intertidal groundwater dynamics and salt water distribution [24, 25] . Therefore, further investigations are still needed to estimate the impacts on contaminants transport processes in coastal aquifers subject to variations of hydrodynamics in the intertidal zone over spring-neap tide cycle. The objectives of this study is to (1) evaluate the influence of moving boundary and tidal lunar cycles on conserved contaminant transport in unconfined costal aquifers; (2) provide a selective approach to simulate the seaward boundary using the variable saturation groundwater flow model (VS2DT).
VS2DT Model Description

Governing Equations
The computer program VS2DT is a two-dimensional finite-difference model aiming to solve solute transport problems in variably saturated porous media [26] . It is an open source code and verified program developed by U.S. Geological Survey.
The conservation of fluid mass equation without source and sink can be written as [27] 1 + The relationship between the water content and the relative hydraulic conductivity are described by Van Genuchten (1980) model:
where n and m are parameters related to the uniformity of soil pores, and m=1-1/n; α is the characteristic length of soil pores [1/L]; S e is the effective water saturation, S r is the residual saturation. Relative hydraulic conductivity is equal to saturated hydraulic conductivity (K r =K S ) in saturated zone with S=1. The solute transport equation can be written as [28] :
where C is concentration of solute [ML ], D is hydrodynamic dispersion tensor.
Boundary Conditions
There are three kinds of boundaries which are landward boundary on the right, seaward boundary on the left and no flow boundary on the top and bottom ( Fig.1 ). For simplicity, groundwater level at landward boundary was assumed to be constant, thus the landward boundary condition can be described as
The seaward boundaries include both specific pressure boundary and possible seepage face boundary on the beach surface. At location higher than the sea level, the boundary condition is set as possible seepage face. In VS2DT model, if seepage face develops on the boundary, pressure head will be prescribed as 0 and water flow is outward. Otherwise, if no seepage face develop, the boundary acts as no flow boundary [27] . The submerged beach surface is simulated as specified pressure boundary condition on which the value of the pressure is assigned according to the tide level:
where One point needed to be emphasized is that Eq. (5) only describes the seawater level with time in the vertical direction, while the locations of the interface between the seawater and groundwater also moves to-and-from the horizontal direction as tide fluctuation. It causes the type of boundary condition shifts periodically between specific head and seepage face at the intertidal zone on the beach slope. The seaward boundary simulated approach in this study was similar with the periodic boundary condition proposed by Post (2011) . At each time step, elevation of grid cell on the slope surface is compared with seawater level per the tidal signal. Grids under the tidal stage are taken as specific pressure cells while those above are set as possible seepage face cells where pressure is atmospheric. The positions of the seepage face are determined according to the simulation at each time step. If calculated head in the node is higher than the elevation of the node, a seepage face will develop; and if calculated head in the node is below the elevation of the node, the boundary is set to no flow boundary [27] .
Numerical Implementation
A schematic representation of solute transport problem in a costal unconfined aquifer is shown in Fig.  1 . The aquifer is 150m long and 20m deep with a mild beach slope of 10 degree. The simulated domain is discretized into 150 columns and 40 layers using a uniform grid. Cells above the slope beach were made inactive. The total simulation time (1 year) is divided into 8760 stress periods of 1 hour each, which are subdivided into various time steps. The subdivision in to stress periods is applied to change the boundary conditions that are assumed to be fixed during each stress period. The effects of time discretization was investigated by comparing simulation results with time step equal to 0.01h and 0.001h. The results were virtually identical and it can be concluded that the time step size of 0.01 h was sufficient to keep the computational accuracy.
The 1. An instantaneous point source of conserved contamination is set at elevation 13m from the bottom of the aquifer and 50m away from landward during the first stress period (Fig.  1) . Two observation points are used to obtain the concentration variation with time under sea level.
Boundary conditions include specific pressure head, no flow and seepage face boundary in the model of this study. Total head at landward boundary was set to 19m. Both the bottom and top of the domains were no flow boundaries. Specific pressure boundary and possible seepage face along the beach slope are determined by tidal level using the approach mentioned before. To verify the moving boundary effects on contaminants transport, a parallel simulation were conducted with the same conditions except that the locations of surface water body were fixed at the interface between mean sea level and sea beach (fixed boundary). To investigate the effects of tidal fluctuation type on solute transport, three different kinds of tidal pattern are simulated as seaward boundary with a mean sea water level of 16m: a) diurnal tide simulated using a sine function with amplitude 2m (Fig. 2A) , b) semi-diurnal tide described by two sine functions with period 12 h and amplitude 2 m, 1.5 m respectively (Fig. 2B) , c) multi-period semi-diurnal tide with amplitude varies in a month cycle (Fig.  2C) . Cases simulated were shown in Table 1 . 
Results and Discussion
Moving Boundary Effects on Contaminant Transport
The modeling solute concentrations at observation points for case 1 and 2 were showed in Fig.3 . The breakthrough curves for both cases are basically symmetrical and unimodal. However, the breakthrough curves are not smooth but oscillating with solute concentrations fluctuating periodically at the same frequency of the tide which was called oscillation effects induced by tide (Fig.3) . The oscillation effects were also observed by other studies and were attributed to the flow dynamics shifts as groundwater levels rise and fall following the tide which changes the solute transport velocity and even the moving directions [23] . Therefore, the fluctuation amplitude of concentrations was larger at the position near the seashore (Fig.3 ) with stronger flow dynamics exchanges and decreased gradually toward inland in accordance with the variations of groundwater level fluctuations.
Comparing the simulated results of case 1 and case 2, it was found that the breakthrough curve of case 1 was steeper with a higher and earlier peak in concentration but smaller width in time than that of case 2 (Fig.3) . It indicates that the transport velocity of contaminant in case 1 was faster than in case 2 (Fig. 4a) because and higher fluctuation amplitude in groundwater levels of case 2 which leads to a small flow velocity near seaward boundary. With longer stay time in the aquifer, the contaminant plumes of case 2 is larger especially after the 3 rd month when contaminant travels to near seashore area, which is due to diffusion increased by the fiercer fluctuations in groundwater level. Besides, the movement loci of contaminant plumes are also different in the two cases. With a fixed boundary, contaminant plume moves toward the seaward boundary mainly in the horizontal direction in case 1 (Fig.4a) . However, contaminant plume travels downward vertically in the first two months and then turns to horizontal direction in case 2 (Fig.4a) . Above characteristics turn out that assuming a fixed seaward boundary would weaken the practical flow dynamics condition induced by tide and result in an overestimation of the discharge rate of contaminant in a costal unconfined aquifer and an underestimation of the contaminants distribution region. The horizontal movements of seaward boundary also play important roles on the solute transport speed, plume shape and movement locus of plume. Therefore, a periodical moving boundary condition is necessary to simulate both the vertical tidal fluctuation and the horizontal sea line movement of a seaward tidal boundary. 
Spring-neap Tide Effects on Contaminant Transport
To investigate the effects of tidal variation pattern on contaminant transport, the concentration breakthrough curves for three cases with different kinds of tide are compared in Fig. 5 , where tide was modeled as moving seaward boundaries. The peak concentration for case 4 is highest and appears earliest with a multi-period semi-diurnal tide, on the opposite the peak concentration for case 2 is lowest and arrives latest with a diurnal tide. In case 4, the contaminant migration rates vary with the lunar cycle of tides, faster in the neap tide period when the fluctuation amplitudes and mean elevations of tide are lower and slower in the spring tide period when the fluctuation amplitudes and mean elevations of tide are higher [24, 25] . Therefore, the contaminant plume for case 4 arrives at the seaward boundary earlier than case 2 and 3 ( Fig. 4b) . Similarly, the simulated contaminant concentration peak for case 3 is higher than that for case 2 due to faster transport speed during a lower tide in daily period (Fig. 5) . Variations of tide levels not only influence the flow and solute transports rates but also impact contaminant migration pathway and plume diffusion in aquifers near seashore (Fig.4b) . These indicate that it is also important to simulate the daily and monthly periods of tide. 
Sensitive Analysis
Several simulations were conducted to analyze the sensitivity of the solute concentrations variation to the beach boundary condition and value of parameters for conceptual model. Case 4 (MBM) was used as a "base case" for comparison analysis. Four simulations were conducted to investigate the effects of both the longitude and transvers dispersivity on contaminant concentration by changing the value of α L or the ratio of α L /α T according to the base case (α L =1.5, α L /α T =10). Fig. 6 shows that increasing the α L value or decreasing the ratio of α L /α T reduced the peak concentration at the observed points, but the arrival time of the peak was not affected. With the same transport speed, increasing the value of dispersivity promotes contaminant diffusion and attenuation in aquifers resulting in larger plumes with lower concentration. These results were consistent with previous modeling works [16] . 
Conclusion
In this study, a 2D finite-difference model (VS2DT) is slightly modified to simulate the tidal effects on solute transport in variably saturated unconfined coaster aquifers with a periodic moving boundary condition.
In order to improve understanding of tidal effects on contaminant transport, the seaward boundary conditions are respectively simulated as a fixed position at interface between mean sea level and beach or a moving boundary along the beach, with diurnal tidal fluctuations. The simulations reveal that tidal variations will cause oscillation effects on solute transport in coastal unconfined aquifers, with concentration fluctuation and lower transport speed. The horizontal movements of seaward boundary can intensify the oscillation effects induced by vertical tidal variations, as well as change the contaminant transport path such as discharging at a lower elevation near the lower tide level. Therefore, neglecting the horizontal movements of seaward boundary will cause an underestimation of the migration rate of the contaminant plume toward sea and an inaccurate estimate of temporal and spatial distribution of contaminant plume in costal aquifers, if the tidal boundary is simulated as a fixed boundary only considering the vertical tidal fluctuations. Meanwhile, accurately describing the tidal fluctuations is essential to predict the movement of contaminant plume, not only because type of 21 tidal variation determines how groundwater level fluctuates but also because it will influence the horizontal movement of the seaward boundary. Thus, a simplification of the tide by using a sine or cosine function will also result in erroneous estimate on both the speed and path of contaminant plume. This study not only reveals the importance of simulating the seaward boundary conditions using a periodic moving boundary condition, but also has important implications for surface-groundwater exchange studies.
